Abstract -System Properties and Control of Turbocharged Diesel Engines with High-and LowPressure EGR -An extension of the air-and exhaust-system with a low-pressure EGR has the potential to significantly reduce the NO x emissions. Besides a cooled high-pressure EGR and the turbocharger with variable geometry turbine, the low-pressure EGR introduces an additional degree of freedom to
INTRODUCTION
In order to fulfil future emission standards, comprehensive methods are necessary to reduce the emissions of Diesel engines. A Diesel Particulate Filter (DPF) can become obligatory in many engine configurations to comply with the Euro 5 emission standards. Then the development emphasises on the further reduction of the NO x emissions. Thereby the objective is a concept being preferably neutral in cost and fuel consumption. A Selective Catalytic Reduction system (SCR) has the potential to hold the future emission limits for the NO x emissions and might be necessary for Diesel combustion engines with medium to high power. However, SCR-systems are complex and bear too large additional costs for small to mid size engines with lower overall system costs. Besides engines with lower power are able to achieve the emission regulations without SCR-systems. A mix of different engine modifications like optimised combustion modes, advantages in injection technology, two stage turbo charging and enhanced EGR-concepts can fulfil the future emission regulations without an expensive SCR-system [1] .
An effective in-cylinder method to reduce the NO x emissions is to attain high exhaust-gas-recirculation rates at high cylinder charges. This allows the absence or the minimisation of exhaust gas aftertreatment systems. A high cylinder charge demands a large gas density in the intake manifold with preferably low temperatures and high charge air pressures. One way to achieve this is a Low-Pressure Exhaust-Gas-Recirculation (LP-EGR). Since the the recirculated exhaust gas is cooled three times, this LP-EGR can significantly reduce the charge temperature. At first the gas is expanded via the turbocharger turbine and then it is cooled by the LP-EGR cooler and the charge air cooler. It will be shown that the LP-EGR also decouples the charge air pressure from the EGR-rate. The comparison to a HP-EGR system can show a wider operation range with respect to air mass flow rate and charge air pressure. A further advantage is the better mixture between the exhaust gas and the fresh air. Further the turbocharger can be calibrated to a favourable operation point with a higher effectiveness [2] . At some engine operation points, the low temperature of the LP-EGR is undesired and can be risen by an additional mixture with HP-EGR [1] . Therefore the combination of a high-and a low-pressure EGR seems to be an effective method to significantly reduce the NO x emissions.
The LP-EGR further increases the system complexity for engine control and diagnosis. While there is a significant amount of research performed on the HP-EGR system with VGT-turbocharger, there are only a few publications concerning the dual path EGR system. This contribution analyses the system properties of the more complex intake and exhaust system and summarises previous research. Based upon a given control concept with decentralised PI(D)-controllers for HP-EGR and VGT-turbocharger, an enhanced control concept is derived and experimentally evaluated for the dual path EGR system.
SYSTEM CONFIGURATION
The system configuration for a two path EGR-system is shown in Figure 1 . The air-and exhaust system of an Opel DTH-Z19 common rail Diesel engine at the test bench of the institute of automatic control is extended with a LP-EGR path. Additional to the series configuration a Diesel Particulate Filter (DPF), a LP-EGR cooler, a LP-EGR-valve and an exhaust throttle valve are mounted to the engine. The LP-EGR cooler was kindly provided by Behr and is connected to the testbed cooling system. With support of DES (Diesel Exhaust Systems GmbH) a DPF solution with electric regeneration is retrofitted.
The LP-EGR mass flow rateṁ lp−egr depends on the position of the LP-EGR-valve s lp−egr and the proportion of the pressures p 1 and p lp−egr , respectively p 5 . Closing the exhaust throttle valve s eth leads to a rise in the pressure p 5 and in combination with an opened LP-EGR-valve to a rise in the LP-EGR mass flow rate. Low pressures in the exhaust system are desired to minimise the charge cycle losses. Hence the exhaust throttle valve actuator is only active when the LP-EGR-valve is fully opened. An actuator coupling leads to the virtual actuator position s lp−egr/eth [3] . 
SEMI-PHYSICAL AIR PATH MODEL OF REDUCED ORDER
The gas composition within the combustion chamber is one of the manipulated variables for a feed-forward control of the emission formation. This calibrated gas composition must be provided also in transient engine operation. Therefore a control system with a good dynamical performance is necessary.
The conventional intake-and exhaust-system with HP-EGR-valve and VGT-actuator is already a nonlinear coupled multi-variable system. Thus, a model based methodology is necessary to gain system understanding and to apply analytical methods for multi-variable control. [4] utilises local affine models (LOLIMOT) to model the system and for an automated controller calibration. Further, control oriented System configuration and model structure of the air-and exhaust-system for a two path EGR-system with VGT turbocharger.
air path models of limited complexity, like a mean value model with lumped parameters, have shown good results for control design and calibration [5] [6] [7] [8] .
The additional LP-EGR path further increases the system complexity. Since the properties of this configuration are not completely investigated, a semi-physical mean value model is developed to get insight into the system properties.
The components in the air-and exhaust system are modelled with lumped parameters as a sequence of storage elements and flow restrictions [9] [10] [11] [12] . A novel turbocharger model based on the mean line theory is presented in [13] . It overcomes the drawback of poor extrapolation capabilities for commonly used models based on characteristic maps. This model is used to describe the static and dynamic properties of the turbocharger and is implemented in the mean value model. The model states in the i storages are the pressures p i and temperatures T i . Further the oxygen concentrations x i in each storage element describe the dynamic impact of the two EGR-paths. Finally the turbocharger speed n tc is a further model state.
In general, modelling is characterised as a trade-off between complexity and model precision. A higher model complexity complicates the controller calibration and costs more computation time. Therefore only the bold printed states in Figure 1 are modelled. The dynamic influences of small storages can be considered as much faster than the one of large storages. Consequently all storages between coolers and flow restrictions with variable cross section are neglected. To account for the exhaust back pressure caused by the DPF, the storage after the turbine with the states p 4 and T 4 is introduced. Especially at testbed operation the charge air cooler can introduce a large thermal storage capacity, which is modelled by the heat storage mass with the additional state T 2ic [14] . Model inputs are the positions of the air path actuators and additionally the ambient temperature T a and the ambient pressure p a . The engine operation point is determined by the engine speed n eng and the desired injection quantity u inj . To simulate the influence of a loaded DPF and a plugged air filter, the loading factors k DPF and k AF are introduced as additional model inputs. Generally the physical laws for air path modelling are well established. A key issue in modelling is the model parameterisation. [15] and [14] give a methodology to parameterise a mean value engine model. Aspects like the model uncertainty to sensor precision, the measurement chain, suitable excitation signals, data preprocessing and especially the aerodynamic turbocharger power parameterisation are regarded. Figure 2 shows a dataset to validate the mean value model of 19th order at an engine operation point of n eng = 3 000 min −1 and u inj = 5 mm 3 /cyc. The HP-EGR-valve is excited with an Amplitude modulated Pseudo Random Binary Signal (APRBS) at two different positions of s lp−egr/eth . The APRBS signal is calibrated with a cycle time of 1 s, a signal length of 511 states and uniformly distributed amplitudes between 0 and 1, see [16] . The simulation results reflect p 2i as well asṁ air in static and dynamic characteristics. The comparison between the simulated and the measured quantities shows a good agreement. Both the stationary as well as the dynamical system behaviour are met. In advance to the next section, the corresponding values forṁ hp−egr andṁ lp−egr show the system couplings. Similar results are obtained for other engine operation points. Model validation for the air-and exhaust-path with varying s hp−egr and s lp−egr/eth at an engine operation point n eng = 3 000 min −1 and u inj = 5 mm 3 /cyc.
STATIC SYSTEM COUPLINGS OF THE TWO PATH EGR-SYSTEM
In this section the static system couplings of the two EGRsystems are investigated. While the system properties of the classical HP-EGR system are sufficiently examined, an investigation for the LP-EGR system will be given in the following. A first research of the system couplings between the VGT-actuator s t and the HP-EGR valve s hp−egr is presented by models for the static process gains in [17] . Then a more detailed investigation about these couplings with the simulated process gains and step responses is given in [18] with regard to the HP-EGR rate and the in cylinder oxygen to air ratio. In [19] the process gains and the time constants are given as the parameters of identified grey-box models, while [8] illustrates the system properties by the proportional gain maps of the air path PI(D)-controllers. Analysing the couplings of the two path EGR system results in a more complex system. Hence the HP-EGR system properties are recapitulated by means of quasi stationary simulation results. Then the system properties of the LP-EGR system are analysed. Figures 3 and 4 show the static system couplings of the air-and exhaust-system extended with two EGR-paths at an engine operation point of n eng = 2 200 min −1 and u inj = 15 mm 3 /cyc.
The couplings between the VGT-actuator,ṁ air and the charge air pressure p 2i at different positions s hp−egr are illustrated in Figure 3 . The main influence of the guiding vanes' position is the charge air pressure. The corresponding process gain decreases when the HP-EGR-valve opens. Regarding the influence toṁ air , a change in the sign of the process gain is an interesting observation. When the HP-EGR-valve is closed, closing the guide vanes lead to an optimised flow angle at the turbine and an acceleration of the turbocharger shaft. A higher gas mass flow rate is pumped through the compressor. Then a further opening of the HP-EGR-valve to a position of 0.15 and closing s t in a ramp letsṁ air rise in the beginning. When s t is further opened than 0.8, the gain ofṁ air changes its sign. Closing s t more leads to a decrease inṁ air . Opening s hp−egr to 0.5 results in a negative gain between s t andṁ air . This change of sign in the coupling has multiple effects and can be explained as follows. The air mass flow rate can be stationary given by the balance equatioṅ m air =ṁ eng,in −ṁ hp−egr −ṁ lp−egr (1) with the mass flow rate entering the engineṁ eng,in . In the considered case the LP-EGR valve is closed, thusṁ lp−egr is zero. The mass flow rate entering the engine is roughly proportional to the gas density in the intake manifold and therefore proportional to the intake pressure and reciprocal to the intake temperature. When the turbine's vanes close, the flow angle changes and the turbine has a narrower flow restriction. Consequently the pressure in the exhaust manifold p 3 rises. Hence a larger mass flow rate passes the HP-EGR valve and the mass flow rate through the turbine decreases.
On the other hand the VGT closing improves the turbine flow angle and accelerates the turbocharger, which results in a higher charge air pressure. Then the rise in charge air . Hence the sign of the coupling changes. Furthermore the temperatures in the intake and exhaust manifold can influence this couplings via the gas densities, which influence the mass flow rate entering the engine and as shown in [15] the turbine power. Regarding the influence of s t toṁ hp−egr throughout gives a positive coupling. Obviously for a closed s hp−egr the coupling is zero. These shown couplings agree well with the investigations presented in [8, [17] [18] [19] . Figure 4 points out the couplings between the LP-EGRpath and s t . Variations of the LP-EGR mass flow rate have only small couplings with the charge air pressure. These couplings are only considerable when the exhaust throttle valve is almost closed at a time of 45 s and 125 s, as indicated by an arrow. Then a small influence in the pressure p 2i can be noticed. The decreased exhaust throttle area results in an exhaust gas back pressure p 5 rise and a change of the pressure ratio over the turbine. This changed pressure ratio changes the gas density before the turbine and therefore the turbine power modelled with Euler's equation for turbomachinery, see [15] . Reducingṁ air via a change in the guide vane position s t significantly reducesṁ lp−egr . During the first s t -ramp,ṁ air is reduced from 135 kg/h to 94 kg/h which results in a drop ofṁ lp−egr from 35 kg/h to 23 kg/h.
Couplings between the two EGR paths and the VGTturbocharger in p-canonical structure.
A decrease inṁ air leads on the one hand to a lower pressure drop at the air filter and therefore to a higher pressure p 1 . On the other hand the mass flow rate exiting the exhaust gas system through the exhaust throttle plate decreases too. Therefore the pressure p 5 sinks. As a combination of these two effects the pressure ratio over the LP-EGR-valve drops. This causes the decrease inṁ lp−egr . Whenṁ air rises the same effects occur in different direction andṁ lp−egr also rises.
The coupling between high-and low-pressure EGR in Figure 2 shows a similar effect for the interaction. Closing the HP-EGR-valve leads to a rise in the mass flow rate entering and exiting the intake-and exhaust-system and therefore changes the pressures ratio over the LP-EGR-valve. Therefore the effect of an APRBS excitation of s hp−egr is also visible inṁ lp−egr . The LP-EGR-path has only a coupling toṁ hp−egr when the exhaust throttle valve rises the exhaust back pressure noticeable. This coupling is not shown here.
Finally s hp−egr has a negative coupling to p 2i , a negative coupling toṁ air and a positive coupling toṁ hp−egr . Figure 5 summarises the couplings of the dual path EGR-system in p-canonical structure. The weak couplings of s lp−egr/eth are displayed in a dashed line. The sign of the coupling G 23 (s) depends on the engine operation point and the position of s hp−egr , see Figure 3 .
Operation Range of HP-and LP-EGR-Path
The operation range in theṁ air /p 2i -plane considering exclusively one EGR-path at the engine operation point of n eng = 2 000 min −1 and u inj = 20 mm 3 /cyc is shown in Figure 6 . For the HP-EGR-system it can be seen that the maximal possible charge air pressure p 2i decreases from 1.55 bar to 1.05 bar when the HP-EGR-valve fully opens. Also the change in the sign of the gain from s t toṁ air can be Alternatively the LP-EGR-path decouplesṁ air from p 2i . The grey encircled operation range is larger than the operation range in a HP-EGR-configuration. Caused by the decoupling, closing s t always increasesṁ air . When the exhaust throttle valve closes, a rise in the pressure p 5 to 1.08 bar can be observed. Loweringṁ air via the LP-EGR-path causes a decrease in p 2i from 1.55 bar to 1.25 bar. Further investigations need to be spend on the pressure drop of 0.3 bar in p 2i . The rise of p 5 is an obvious reason, but it accounts only for 0.08 bar. Additionally an operation of the turbocharger in an operation point with lower effectiveness or changes in the available enthalpy over the turbine might cause this loss in charge air pressure. Finally in the area of low values forṁ air the possible operation range is larger than the one for the HP-EGR configuration.
Influence of the Coupled Actuator s lp−egr/eth
The static characteristics of the coupled actuator s lp−egr/eth is simulated in Figure 7 (s hp−egr = 0) at four different engine operation points, see Table 1 . The engine operation points Influence of s lp−egr/eth to a) the LP-EGR mass flow rate and b) the LP-EGR rate at different engine operation points with a free and a plugged air filter.
mainly differ in the charge air pressure and the air mass flow rate entering the engineṁ eng,in . Besides the stationary coupling toṁ lp−egr , the low pressure EGR-rate
is shown. In addition simulations with a plugged air filter are presented. Figure 7a shows a rise inṁ lp−egr at operation points with higher mass flow rates entering and exiting the engine. Obviously the gain of the actuator depends highly on the engine operation point and differs by a factor of 3, . . ., 4 from OP1 to OP4. Further the characteristic curves show a high nonlinearity. Especially between s lp−egr/eth ≈ 0.4, . . ., 0.65, when the low-pressure EGR valve is almost opened and the exhaust throttle valve starts to close, the curves are very flat. This change in the stationary gain is disadvantageous for linear controllers. Therefore the characteristic of s lp−egr/eth is shaped by a characteristic curve, so that there is an almost linear characteristics between the actuator position and the air mass flow rate.
In Figure 7b the LP-EGR-rate is simulated in the whole engine operation range considering a large set of possible combinations of s t and s hp−egr . Interestingly r lp−egr almost exclusively depends on the position of the actuator s lp−egr/eth . This is caused by the previously described couplings oḟ m lp−egr with s hp−egr and s t .ṁ lp−egr depends on the gas flow Exhaust pressure at different engine operation points with a free and a plugged air filter.
entering and exiting the system and is therefore proportional toṁ air . Using only the actuator s lp−egr , LP-EGR-rates of ≈ 25 % are possible, higher values for r lp−egr require the support of s eth .
A plugged air-filter causes an additional pressure drop of ≈ 30 mbar atṁ air ≈ 770 kg/h [20] . With this information k AF for a plugged air filter can be determined. In Figure 7a simulation results for a system with a free and a system with a plugged air filter are shown and only minor differences are noticeable. Only between s lp−egr/eth = 0 and 0.65 small deviations occur. A plugged filter results in a lowered pressure p 1 . At these actuator positions, the plugged air filter has the largest contribution toṁ lp−egr . When the exhaust throttle plate further closes, the exhaust back pressure p 5 increases. This primarily influences the pressure ratio over the LP-EGR-valve and the additional lowered pressure p 1 can be neglected here. The effect of a plugged air filter is not directly visible in r lp−egr . Therefore the difference Δr lp−egr = r lp−egr,AF,plug − r lp−egr,AF,free specifies the effect of the plugged air filter in respect to s lp−egr/eth . The deviation Δr lp−egr rises when s lp−egr fully opens from s lp−egr/eth 0 to 0.5. For s lp−egr/eth > 0.5 the pressure p 5 has most influence and the deviation Δr lp−egr sinks, since the effect of the plugged air filter is too small. Therefore the LP-EGR-rate can be regarded as almost invariant to the engine operation point and the loading of the air filter. This observation will be later utilised for a semi-physical control of the LP-EGR-rate.
In Figure 8 the influence of s lp−egr/eth to the exhaust pressure p 5 is investigated. The influence on the exhaust pressure can be divided into two regions. First the LP-EGR valve is investigated (s lp−egr/eth = 0, . . ., 0.5). When the LP-EGR valve opens, the pressure p 5 sinks. This can be advantageous for the charge cycle losses. The pressure drop in p 5 has two reasons. First the increase ofṁ lp−egr reduces the amount of exhaust gas that has to exit the system via the exhaust throttle plate. Then the low pressure p 1 implies a suction through Two step responses for Δs lp−egr and Δs hp−egr (n eng = 2 000 min −1 , u inj = 15 mm 3 /cyc).
the LP-EGR valve and therefore lowers the pressure p 5 . A closing of the exhaust throttle plate (s lp−egr/eth = 0.5, . . ., 1) rises the exhaust pressure p 5 strongly. Especially at engine operation points with high mass flow rates entering the engine (OP1) the pressure p 5 is very large. This shows the limitations of this LP-EGR configuration. High lowpressure EGR rates cannot be maintained at engine operation points with largeṁ eng,in due to the rise in p 5 . Finally the effects of a plugged air filter to p 5 are not significant.
DYNAMIC PROPERTIES OF THE TWO PATH EGR SYSTEM
The semi-physical mean value model with lumped parameters yields dynamic models, whereas the dynamics have mainly three sources. First the thermal storages of the engine block are the slowest dynamics. These storages are the engine block, the intercooler, the coolers and the ducts. Further the inertial momentum of the turbocharger introduces the second dynamic effect. Emptying and filling, or changing the gas composition in the storages of the intake-and exhaust system contributes the third and fastest dynamics. Thermal time constants are in the range of several seconds to minutes, the turbocharger time constant is in the range between 0.7 and 3 seconds and the time constants caused by the storages are in the range of 100 ms. Figure 9 compares the dynamic properties for an HP-EGR step and an LP-EGR step of the same size inṁ air . The three sources of dynamics can be observed in the HP-EGR step response. At a time of 1 s the HP-EGR-valve closes. During the first milliseconds the mass flow rate through the storages in the intake system rises from 90 kg/h to 115 kg/h. Then the turbocharger accelerates and the charge air pressure is rising until a time of 4 s. Between 4 and 10 s there is still a small rise inṁ air and p 2i . These slight changes come from the modelled thermal storages of the intercooler and the HP-EGR cooler, see [14] .
Besides the directly measured quantitiesṁ air and p 2i , there are significant dynamics in the gas composition in the intake manifold x 2i . Compared to the HP-EGR path, the LP-EGR path has the slower dynamics with respect to x 2i . This is due to by the longer way the exhaust gas has to pass until it reaches the combustion chamber. In Figure 9 this gets obvious for the step response in x 2i . In contrast the LP-EGR-path has a faster dynamical response in theṁ air step response. This is caused by the direct recirculation of exhaust gas to the intake storage 1, where the HFM-sensor measuringṁ air is mounted. In that case, the low-pressure EGR dynamics is mainly determined by the states of volume 1. On the other hand the step response of s hp−egr is delayed by all volumes in the intake system. With regard to x 2i the HP-EGR has the faster dynamics. A more detailed investigation of the different gas composition dynamics is given in [21] . Moreover the non minimum phase relationship between s hp−egr and p 2i are dynamical system properties.
CONTROL STRUCTURE
The control of a classical HP-EGR/VGT-system is well investigated and there is a significant amount of publications on this field. A broad overview of different control concepts is given in [22] . Further investigated control concepts for the air path quantities are a model predictive control [23] [24] [25] [26] , a multi variable robust control [6], a nonlinear internal model control [27] and an observer-based feedback control [28] . A nonlinear control based on a control Lyapunov function is shown in [29] and further extended with integral action in [18] . In [7] different control strategies with mainly decentralised PI controllers are compared with regard to the tailpipe emissions. While the control of a classical HP-EGR/VGT-system is well investigated, the combination of a HP-/LP-EGR system with VGT-turbocharger is a recent field of research. In [30] a model-based predictive controller consisting of a state observer, prediction and optimisation algorithms is used to control the two path EGR-system. An optimised actuator position for two controlled variablesṁ air and p 2i , respectivelyṁ air and r egr is determined by a heuristic algorithm. A predictive air management system, having the LP-EGR fraction of the collective EGR-mass flow rate as calibration parameter is presented in [31] . The desired position of the air path actuator is determined by a predictive model based method. Non measured states are modelled by a real time air path model. In the latter approach the charge air pressure is not controlled. Both approaches require high computation time and the algorithms to calculate the values of the manipulated variable are not traceable. Another nonlinear approach based on model inversion of a semi-physical model is presented in [32] . Either HP-EGR or LP-EGR and the charge air pressure are controlled. However, to reach future emission limits both EGR-paths should be controlled simultaneously.
Besides the more sophisticated control concepts, the application of decentralised PID-controllers is widespread in the automotive industry and allows an intuitive adjustment of the controller parameters. This adjustment by the calibration engineer acts as a unique selling point and can consider hard to model influences like the desired torque response or the engine's Noise Vibration Harshness (NVH). Therefore intuitive adjustable controllers are demanded by the automotive industry. [4] present an automated controller calibration for gain scheduled decentralised PID-controllers with the controlled variablesṁ air and p 2i . In the following this approach is extended for the two path EGR system.
Besides the traditional air path configuration with s t and s hp−egr a third actuating variable is introduced with s lp−egr/eth . This demands three controlled variables. Additionally toṁ air and p 2i the LP-EGR fraction ζ lp−egr = m lp−egr / ṁ lp−egr +ṁ hp−egr can be controlled [31] . After all, both exhaust mass flow rates have to be measured or modelled. In this contribution the choice of p 2i ,ṁ air andṁ hp−egr as controlled variables is motivated by the system properties presented in Sections 3 and 4. Controllingṁ hp−egr andṁ air demands a similar engine calibration as the control of the variables ζ lp−egr andṁ air . In order to determineṁ hp−egr with the flow equation for compressible fluids the quantities p 2i , p 3 , T hp−egr and s hp−egr have to be measured. Alternatively T hp−egr could be modelled. Since the mass flow model is most sensitive to the pressure ratios [14] , model inaccuracies in T hp−egr have only a small influence to the model quality.
Controllingṁ hp−egr with the HP-EGR-valve results in fast response times, since almost no delay through storage elements in the intake system occurs. The effect of a loaded DPF increases the pressure p 3 and is directly modelled by the flow equation for compressible fluids. The charge air pressure is controlled by the actuator s t . Finallyṁ air is controlled by s lp−egr/eth . The throttle valve s th is always opened and not included in this control structure. Figure 10 shows the control scheme with the engine process. In order to reflect the nonlinearities of the process, the controller parameters are stored in maps depending on the engine operation point. Since the process responses are delayed to a step in u inj the controller parameters are filtered by a first order lag (PT1). The desired values for p 2i , m hp−egr andṁ air correspond to a feed forward control of the stationary emissions and are stored in characteristic maps depending on the engine operation point. They are filtered with a Reference shaping Filter (RF) to provide a good reference action of the control loop. In order to have a more linear behaviour between the controller and the controlled variable, the output of theṁ air -controller is shaped by a characteristic curve of s lp−egr/eth which yields a more linear characteristics between s lp−egr/eth andṁ air .
in which G P (s) is the response characteristic of the plant (3). A model reduction of the high order controller G C (s) yields the parameters for the PI(D)-controller, see [35] . In the sequential controller design the p 2i -control loop is closed first, only accounting for the static coupling behaviour in Equation (4) . Secondly theṁ hp−egr -control loop is closed accounting for the p 2i -control loop in Equations (3) and (4). Theṁ air -control loop is closed without regarding the other two control loops. The time constants T des for the controller design are chosen as 0.7 s for the charge air pressure control and 0.25 s for the control of the two EGR loops.
In the following a novel semi-physical control based on model inversion for theṁ air -control loop is presented. It enables a decoupling of the p 2i -control loop and thė m hp−egr -control loop and is easy to implement. As shown in Section 3 the LP-EGR rate r lp−egr depends mainly on the value of s lp−egr/eth at all engine operation points and can be expressed by a characteristic map as r lp−egr = f s lp−egr/eth (7)
Then the mass flow rate in the LP-EGR path can be described byṁ 
This stationary model inversion for theṁ air -control loop results in a semi-physical control which implicitly includes the air path dynamics in Equation (10). This control includes all couplings of s hp−egr and s t modelled withṁ hp−egr anḋ m eng,in . Being independent from measurements ofṁ air the feed forward control can anticipate the disturbances before their delayed propagation through the intake system.
TESTBED RESULTS
In Figures 12 and 13 the performance of the controllers at the testbed are shown at an engine operation point of n eng = 2 250 min −1 and u inj = 15 mm 3 /cyc. Setpoint steps are applied to all controlled variables. All controllers show good responses to changes in the setpoints of the three closed loops.
Regarding p 2i the couplings of the other controlled variables are noticeable. Therefore a decoupling feed forward control or decoupling controllers are desirable. Secondly the closed loop control response ofṁ hp−egr shows a fast step response and almost no influence through the system couplings. In theṁ air -control loop the results for a controller with no additional semi-physical control (ctl), a controller with additional semi-physical control (sp-ctl) and the results of the pure semi-physical controller (sp) are presented. The combined controller with model inversion control shows a faster response to load steps than the pure PI-controller. At 42.5 s an undershoot below the setpoint is visible. Thus, a better adjustment of the two degree of freedomṁ air control with better tuning of the reference shaping filter is desirable. It is further shown that the semi-physical control with model inversion is almost solely capable to controlṁ air . Even if load steps are applied the deviation between the setpoint and measuredṁ air is not bigger than 8 kg/s. In summary the closed loop control met the specified time constants from the theoretical controller design.
CONCLUSION
In this contribution the static and dynamic properties of a two path EGR-system are presented. A semi-physical mean value model of reduced complexity models the two EGR-paths. The classical HP-EGR-system with VGTturbocharger shows couplings in the air mass flow rateṁ air Experiments showed a good control performance which met the specifications from the theoretical controller design.
